ABSTRACT: Heat pipes are devices capable of very high heat transfer and have been widely used in many thermal management applications. An experimental investigation and CFD simulation of thermal characteristics of heat pipe were presented in the present work. It can be found that using FLUENT can simulate the evaporation and condensation in heat pipe. With the increase of slit width, thermal resistance and the maximum heat transfer capacity of the heat pipe have a decline trend, while the equivalent thermal conductivity of the heat pipe increases gradually. With the increase of channel diameter, thermal resistance and the maximum heat transfer capacity of the heat pipe have an upward trend, while the equivalent thermal conductivity of the heat pipe reduces gradually. Results in the present work can provide guidance to further research of grooved heat pipe.
INTRODUCTION
Grooved heat pipe is a reliable and efficient heat transport device. The heat pipe has been used in several technologically important processes requiring augmented heat transfer, e.g. in the electronic packaging industry, in micro-gravity environments, and spacecraft thermal control because of its high efficiency, reliability and cost effectiveness [1] [2] [3] [4] [5] [6] [7] . Cotter [8] first proposed the concept of micro-heat pipe. That is essentially a wickless heat pipe for the uniform temperature distribution in electronic chips. After Cotter's research, 1D model [9] , 2D model [10, 11] and 3D model [12] for theory analysis of fluid flow and heat transfer in heat pipe were built. Tiselj et al. [13] simulated the single phase flow in a 3D model using the CFD code CFX. Sandra C.K.et al. [14] modeled the phase change and two phase flow in a pipe using FLUENT. There are a few papers aiming to solve the multi-phase flow in different cases [16] [17] [18] [19] [20] .
In the present study, 3D model of two phase flow and heat transfer in a Ω-shape heat pipe was built. The evaporation and condensation in heat pipe were simulated using FLUENT, and the experimental data are compared with the simulating results in order to verifying the simulating model.
EXPERIMENTAL FACILITIES
Ω-shape grooved heat pipe changes periodically in structure, and is exactly the same for each channel. In Figure 1 , one of the pipes with different geometry has been shown. The package of heat pipe is aluminium alloy, and working fluid is ammonia. 
Numerical Simulation Study of the Heat Transfer Performance in Ω-Shape Grooved Heat Pipes
As shown in Figure 2 , the evaporator section was heated by the heater band, and the test error of the input power is within the range of 1 W. The condenser section was cooled by cooling water with constant temperatures. The glass rotameters having 5% error range are used to measure the water flow rate, which is controlled by the valve.
1-heat pipe, 2-thermocouples, 3-electrical heaters, 4-DC electrical source (HY1794-10S), 5-watercooling jacket, 6-thermostatic waterbath (LAUDA RP855), 7-data acquisition system (Fluke 2680A), 8-computer The experiments are carried out at the room temperature, about 20°C, the axial temperature distribution of the heat pipe is measured by thermocouples with an uncertainty of ±0.25°C, and the working temperature is regarded as the mean value of these measured temperatures. The numbers of thermocouples, which are symmetrically distributed at evaporator sector, adiabatic sector and condenser sector, are 3, 3 and 3 respectively. An intermediate plate having thickness of 0.2 mm is placed between the thermocouples and the resistor. This intermediate plate can protect the thermocouples against a direct contact with resistor and can help to evenly heat the evaporator sector. The electrical power to the band heaters was supplied using a 220 V variable DC power source with uncertainty ±2.5 W.
PHYSICAL MODELS
From Figure 1 , it can be seen that Ω-shape grooved heat pipe changes periodically in structure, and is exactly the same for each channel. Therefore, in order to reduce the time and resources required by calculation, a single channel was selected as the study object to handle, as shown in Figure 3 (a).
To compare with experimental data, heat pipe model of 1000mm long was first established. The length of the evaporator, adiabatic section and condensation section respectively are 200mm, 500mm and 300mm, which are the same with experimental sets. Completely filling quantity of heat pipe in the present work refers that the grooves are occupied by liquid totally, and then the liquid portion is 0.346 for the pipe's total volume that means the filling ratio is 0.346. Structure parameters and other relevant variable parameters of heat Pipes are shown in Table 1 , where the saturation temperature equals to heat pipe operating temperature corresponding to the experimental data. 
NUMERICAL METHOD
The phenomenon of phase change includes two process, evaporation and condensation, which are typical multiphase fluid flow problems. In the computational fluid dynamics codes, there are three multiphase models to handle it, which are VOF model, Mixture model and Euler-Euler model. In the present work, it prefers computational comprehensive stability to analysis the interface between vapor and liquid, so Euler-Euler model has been chosen. The RANS equations describe the transport of the averaged flow quantities, with the whole range of the turbulence scales being modeled. Due to the averaging, these equations contain additional unknown variables. And a number of turbulence models, following the RANS-based modeling approach have been developed, one of which has been used in the present work is standard k   model. The control equations have been solved are shown as follows:
where,
. The mass sources for evaporation and condensation are
Energy source for them is
The sources given above are compiled in the CFD code (Fluent 14.0) via UDF. Initial conditions: temperature of the entire simulation zone has been set to the operating temperature of heat pipe, speed of the fluid field is 0, and pressure is the saturation pressure corresponding to the operating temperature.
Boundary conditions: for the surfaces of outer wall in evaporation section, adiabatic section, and condensation section, heat fluxes through boundaries are all constant. Heat flux density in the adiabatic section is 0, which on the surfaces of evaporation and condenser section equal to the ratio of power and surface areas respectively.
Eulerian model has been chosen, and the processing method of source terms is the same with that in the literature [11] . SIMPLE algorithm has been chosen to solve pressure-speed coupling. The first-order upward difference was chosen to solve momentum equations and energy equations. The entire calculation process is a transient calculation, the time step-length is 0.001 s. Physical parameters of ammonia in two different phases are shown in Table 2 .
NUMERICAL VERIFICATION
In the present work, the grid independence verification has been made initially. Then graphics software Pro-E 5.0 was chosen to build geometrical model, and structured grid was chosen which generated by ANSYS ICEM 14.0, as shown in Figure 3(b) . There are four sorts of different grid density meshes to verify grid independence, and the specific parameters are shown in Table 3 . As it has been shown in Figure 4 , there has a relationship between calculation results and mesh density.
The error between results calculated separately with mesh M1 and M2 is 16.74%, which is 10.80% for M2and M3, and 2.29% for M3and M4 respectively. So it is acceptable to calculate using mesh M3. It is also can be seen that the number of elements of M3 is much less than that of M4, which means less computing resources. All of calculation in the present work adopted the density of mesh M3.
In order to verify the reliability of numerical method, some cases were simulated corresponding experimental conditions. Initially a comparison between CFD predicted and measured temperature profile along the thermosyphon wall was done. As is given in Figure 5 , a reasonable agreement can be observed between measured and predicted data in the evaporation section, adiabatic section and condensation section. This difference can be explained by the fact that in the experiments, there is some energy loses in the adiabatic section and condenser, while it is ignored in the modeling. Therefore, the values of temperature in adiabatic section are over predicted. In the other words, applying the adiabatic condition in the modeling causes the temperature to be constant in this section in the predicted results. To further verify the reasonability of numerical models, a group comparison of thermal resistance between the experimental data and numerical results is shown in Figure 6 . As shown in the figure, the error between the simulation and experimental results is in the range of 9.68% -15.77%, which is permissible, indicating it is good at accuracy and reliability for the calculation model. 
DISCUSSION

Slit Width
From Figure 7 , it can be seen that, with the constantly increase of slit width from 0.3mm to 0.7mm, thermal resistance is on a decline trend which has a smaller and smaller amplitude. The reason for this is, with the increase of slit width, metal becomes less, leading to decrease of rib thermal resistance, and the total thermal resistance of heat pipe reduces finally. Under different operating temperatures, the thermal resistance of the heat pipe does not show a significant difference between each other, and the trend of which is also obvious. As the working temperatures rising, thermal resistance gradually increases. That is because the transmission factor will reduce when temperature of working fluid rises, that leads to decrease of heat transfer capacity. From Figure 8 , it can be seen that, with the constantly increase of slit width from 0.3mm to 0.7mm, maximum heat transfer capacity of heat pipe is on a decline trend. This is because with the increase of slit width, contact area between the steam in steam chamber and reflux liquid in channels becomes bigger and bigger, and interaction force between each other has been enhanced. Under different operating temperatures, the maximum heat transfer capacity of do not show a significant difference between each other, and the trend of which is obvious. As working temperatures rising, the maximum heat transfer capacity reduces gradually, that mainly determined by the changes in thermal physical properties of working fluid. From Figure 9 , it can be seen that, with the constantly increase of slit width from 0.3mm to 0.7mm, the equivalent thermal conductivity of heat pipe is on an increasing trend. Under different operating temperatures, the equivalent thermal conductivity of heat pipe do not show a significant difference between each other, and the trend of which is obvious. As working temperatures rising, the equivalent thermal conductivity of heat pipe gradually reduces. From the discussion above, in the scope of slit width considered in the present work, with the increase of slit width, the thermal resistance and maximum heat transfer capacity of heat pipe are both on a decreasing trend, however, the equivalent thermal conductivity increases gradually. That is because the smaller slit size can lead to increase of capillary driving force, which improves the heat transfer capability of heat pipe.
Channel Diameter
From Figure 10 , it can be seen that, with the constantly increase of channel diameter from 1.0mm to 1.4mm, thermal resistance is on an increasing trend. The reason for this is, with the increase of channel diameter, rib metal separating two channels becomes more less, and that leads to increase of rib thermal resistance and the total thermal resistance of the heat pipe ascents finally. Under different operating temperatures, the trend of thermal resistance of the heat pipe is obvious. As the working temperatures rising, thermal resistance gradually increases. The reason for this is the same with that for slit width. Figure 10 . Thermal resistance versus channel diameter. Figure 11 . Maximum heat transfer capacity versus channel diameter.
From Figure 11 , it can be seen that, with the constantly increase of channel diameter from 1.0mm to 1.4mm, maximum heat transfer capacity of heat pipe is on an ascent trend which varies almost linearly. This is because with the increase of channel diameter, permeability of the wick gets bigger and bigger, meanwhile flow resistance of reflux liquid becomes smaller and smaller, so heat transfer has been enhanced. The trend of maximum heat transfer capacity is, as working temperatures rising, the maximum heat transfer capacity reduces gradually, that mainly determined by the changes in thermal physical properties of working fluid.
From Figure 12 , it can be seen that, with the constantly increase of channel diameter from 1.0mm to 1.4mm, the equivalent thermal conductivity of heat pipe is on a decline trend. Under different operating temperatures, the equivalent thermal conductivity of heat pipe do not show a significant difference between each other, and the trend of which is obvious. As working temperatures rising, the equivalent thermal conductivity of heat pipe gradually reduces. From the discussion above, in the scope of channel diameter considered in the present work, with the increase of channel diameter, the thermal resistance and maximum heat transfer capacity of heat pipe are both on an increasing trend. However, the equivalent thermal conductivity reduces gradually. That is because the bigger channel size can leads to increase in permeability and maximum heat transfer capacity, but which do not improve the heat transfer capability of heat pipe. (3) With the increase of slit width, the thermal resistance and maximum heat transfer capacity of heat pipe are both on a decreasing trend, however, the equivalent thermal conductivity increases gradually. (4) With the increase of channel diameter, the thermal resistance and maximum heat transfer capacity of heat pipe are both on an increasing trend. However, the equivalent thermal conductivity reduces gradually.
